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ABSTRACT 
Ambient seismic noise can often be seen as problematic, but with the right analysis can act 
as a tool to image the Earth.  Wind turbines are known to generate low frequency vibrations, 
however, the wave types that are generated are currently unknown.  Characterizing these 
vibrations will allow wind turbines to be used as a seismic source and be of value to 
geotechnical applications and seismic interferometry.  This paper uses polarization analysis 
of the seismic wavefield around a small wind turbine to identify the type of wave being 
generated by the turbine and to clarify the source.  The seismic data recorded 190m from 
the wind turbine are processed using a window length of 0.1 seconds and bandpass filtered 
on a selection of frequency ranges.  Polarization analysis is performed for two different 
wind speed ranges, in order to show the variation of wave characteristics between 
operational and non-operational modes of the wind turbine.  Polarized surface waves are 
identified as the predominant wave type at blade rotation harmonics, making this work 
particularly relevant to multichannel analysis of surface waves and seismic interferometry. 
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INTRODUCTION 
The Earth contains a rich field of ambient seismic vibrations from a broad spectrum of 
sources, many of them random and transient.  These vibrations may be seen as problematic 
if they are of large amplitude and in particular frequency ranges, but with appropriate 
analysis they can act as tools to image the earth especially the shear wave structure of 
shallow to intermediate depth ranges, which are involved in engineering projects and 
infrastructure developments. Using these techniques can remove the need to deploy active 
sources which may require permission and accessibility.  Individual and arrays of wind 
turbines are very efficient generators of low frequency harmonic vibrations which travel 
many kilometres [1].  These frequencies can be detrimental to sensitive scientific 
equipment, such as seismic monitoring stations [1] and Gravitational Wave Observatories 
[2, 3], but have value to geotechnical applications and seismic interferometry.  Due to 
advancements in technology, each wind turbine type generates different frequencies and 
three-component ground motion recordings are critical for assessing the frequencies 
generated by a specific wind turbine. 
 
Siting of wind turbines near roads and railways is becoming more popular.  These types of 
sites are typically seismically noisy environments. Polarization analysis of the noise, by 
quantitatively describing the particle motion of the seismic wavefield, can aid in the 
identification of frequencies originating from the wind turbine or from other nearby 
sources.  In addition, the oscillatory characteristic of the wave can be used, via polarization 
analysis, to identify the types of wave originating from the wind turbine(s): surface waves 
have an elliptical-retrograde characteristic, whereas the body wave has linear motion.  
Describing a defined source signal will enable wind turbines to be used as a source for 
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research into ground structure and geomechanical properties, in a similar manner to seismic 
interferometry [4, 5]  and multichannel analysis of surface waves (MASW) for 
geotechnical applications [6, 7]. 
 
Polarization analysis has been applied extensively in the field of earthquake seismology.  
Rayleigh wave polarization analysis has been used successfully to identify the orientation 
of sited Ocean Bottom Seismometers [8] and polarization analysis of ambient noise fields 
has been successful applied for mapping anisotropy of the subsurface (e.g. [9, 10, 11, 12]), 
as it can be used in areas where natural seismicity is low [11].  Various approaches to the 
filtering of data using polarization analysis have been suggested [13, 14, 15, 16, 17].  The 
polarization analysis and equations presented in this paper are based on singular value 
decomposition (SVD) [16, 18, 19, 20]. 
 
In this paper, we use polarization analysis to successfully identify and distinguish between 
specific frequencies originating from a small wind turbine (11 kW) and those from a wind 
farm of large turbines (660 kW) five kilometres away.  Additionally, we identify the types 
of waves originating from these sources. 
 
THE WIND TURBINE 
The wind turbine used for this study is a Gaia-Wind 133 11 kW tubular tower wind turbine, 
located on a farm just outside Wigton in Cumbria, UK.  This is a popular downwind, two 
blade wind turbine, mounted on an 18 m monopole.  It has a rotor diameter of 13 m and 
operates at a constant speed of 56 rpm. 
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The Gaia-Wind 133 has a cut-in wind speed of 3.5 m/s.  Above this wind speed, the wind 
turbine has a rotation rate of 56 rpm and is generating electricity.  At a wind speed of 2.5 
m/s, the wind turbine will start to turn to enable it to get up to speed prior to the cut-in 
wind speed.  The cut-out wind speed, when the brake is applied to prevent damage to the 
wind turbine, is 54 m/s. 
A combination of accelerometers and seismometers were used to monitor the vibrations 
from the wind turbine (Fig. 1).  A single-component Guralp 5U accelerometer was 
attached horizontally to the wind turbine tower, one metre up from the base using 
magnets. A three-component Guralp 6TD seismometer was buried in a one metre deep 
and 30 cm diameter hole, 190 m from the wind turbine.  The sensors were deployed as 
described in [21]. 
[Figure 1 about here.] 
 
METHODOLOGY 
The relationship between wind speed and seismic amplitude varies between wind turbines 
and frequencies [21].  Wind speed and wind direction data, at the wind turbine, are 
available for the same time period as the seismic data.  Therefore, the data are filtered both 
on wind speed and frequency, as some frequencies may be more prominent at certain wind 
speeds. 
The wind speed for the time of the monitoring varied between 0 m/s and 7.8 m/s, with the 
wind speed remaining within a 0.5 m/s range (eg 1 m/s - 1.5 m/s, 1.5 m/s - 2 m/s) for an 
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average of 10 minutes.  Two wind speed ranges are selected 1 m/s - 1.5 m/s and 5.5 m/s - 
6 m/s (when the wind turbine was not operational and when it was turning and generating 
respectively).  The operation of the wind turbine is confirmed by examining the raw time 
series. 
Multiple frequency bands, of approximately 0.1 Hz in width are analysed which 
corresponded to the peaks visible in the frequency spectra recorded on an accelerometer 
attached to tower and on the seismometer (Fig. 2).  A 3rd-order Butterworth filter is used 
to bandpass filter the signal over a narrow frequency band.  
 
[Figure 2 about here.] 
Two frequency bands corresponding to blade rotation harmonics were selected for 
discussing in this paper.  Additionally, a peak which is more visible in the seismometer 
ground vibration data, than on the tower, and does not correspond to the resonant 
frequencies or blade rotation harmonics, was also selected for discussion in this paper.  This 
peak lies at 4 – 4.2 Hz.  It was of interest as it is known [1] that large wind turbine generate 
frequencies in this band, corresponding to the second bending mode of the tower, but from 
the results of Westwood et al.  [21] it is unlikely that the Gaia-Wind turbine would be 
generating this frequency.  Therefore, this signal was analysed in order to identify the 
source of the signal at this frequency. 
For each frequency band, identically sized, overlapping time windows, the length of which 
is a compromise between stability and resolution, are applied to the data.  If the window 
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length is too short the analysis becomes unstable; whereas a long window length will 
smooth the results and decrease the resolution.  Fig. 3 shows 100 seconds of data, analysed 
using four different time windows.  The 0.015 second (Fig. 3a) and 0.05 second (Fig. 3b) 
windows are both noisy, whereas the 0.5 second window (Fig. 3d) loses some detail.  The 
0.1 second window length has a good balance of low noise and detail and was therefore 
selected as optimal for data from this wind turbine.  Polarization analysis is performed on 
each window. 
[Figure 3 about here.] 
The matrix X = (xn, xe, xz) contains the data from one time window.  Singular Value 
Decomposition is performed iteratively on the matrix X, to obtain three matrices, which 
when multiplied together define X, such that X = USVT [20].  The columns of V contain 
orthonormal eigenvectors of the inner product of X with itself (XTX).  The diagonal 
elements of S contain the square roots of the corresponding eigenvalues, λ1, λ2, and λ3.  The 
columns of U are the orthonormal eigenvectors of the matrix XXT [20]. 
If λ1 ≥ λ2 ≥ λ3, then the eigenvector E = (e1, e2, e3), pointing in the direction of the largest 
amount of polarization, corresponds to the largest eigenvector, λ1.  The eigenvectors which 
point in the direction of the second and least amounts of polarization correspond to 
eigenvalues λ2 and λ3 respectively [20]. 
The components of E are used to obtain the azimuth and dip (equations. 1 and 2 
respectively) [14]. 
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  𝜃 = tan−1 (
𝑒2
𝑒1
), (1) 
 𝜙 = tan−1 (
𝑒3
√𝑒12+𝑒22
) (2) 
Both the azimuth and dip range from −90° to 90°.  If both are 0°, this would indicate a 
vector pointing horizontally from the seismometer to the wind turbine. 
The strength of polarization, Ps, is obtained from the first three eigenvalues [14, 22] using 
equation 3. 
 𝑃𝑠 = 1 −
𝜆2+𝜆3
𝜆1
 (3) 
If Ps  is close to 1 then there is only one component of polarization, whereas a result of 0 
will mean that the largest component is as big as the sum of the other two and the motion 
is circular.  Values in between indicate elliptical motion, e.g., a polarized Rayleigh wave 
gives Ps ≥ 0.5 [14]. 
Body and surface wave arrival directions (azimuth and dip) can be determined by the 
polarization analysis of the signal recorded on a three-component seismometer.  Love 
waves will appear predominantly on the horizontal, transverse component whereas 
Rayleigh waves will be mostly detected on the vertical and horizontal radial components.  
In a layered medium, linear body waves can be differentiated from elliptical Rayleigh 
waves using 2D polarization analysis of the vertical and radial components; however, an 
addition dimension is required in order to identify Love waves.  Similarly, the transverse 
component is also required to identify SH (a secondary (or shear) wave polarized in the 
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horizontal plane) and P-SV (a primary (or pressure) wave that has been reflected and 
converted to a shear wave polarized in the vertical plane) body waves [14]. 
A P-wave would generate an azimuthal angle in the direction of the wind turbine.  When 
combined with a dip close to 0° and Ps ≈ 0.5, an azimuth of ±90° indicates a Love wave.  
Rayleigh waves are indicated by a Ps ≥ 0.5 and a change in azimuth with time, generating 
a slope between +90° and −90°.  The dip would be required to be close to 0° or trending in 
the same direction to the azimuth (Fig. 4). 
[Figure 4 about here.] 
By examining the wind speed data and combining the results for the azimuth, dip, and Ps, 
it is possible to establish whether the signal detected at a given frequency and wind speed 
is originating from the wind turbine, the azimuth, and the amplitude and wave type (particle 
motion). 
 
RESULTS 
Operational wind speed 
All frequency ranges, relating to the peaks visible in the spectra (Fig. 2) were analysed over 
the same time period.  Three of these frequency ranges are shown in Fig. 5 and Fig. 6; 
along with an interpretation of the incoming waves, for wind speeds between 5.5 m/s and 
6 m/s, when the wind turbine should be turning (the wind turbine normally operates at wind 
speeds between 3.5 m/s and 54 m/s).  Fig. 6 also contains results for wind speeds between 
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1 m/s and 1.5 m/s (less than the cut-in wind speed) for comparison to the operational wind 
speed. 
The predominant azimuthal angle over all frequencies was found to be ±90°; which when 
combined with the values of the dip and Ps, indicates the presence of surface waves 
originating from the direction of the wind turbine.  This can be observed by comparing the 
highlighted segments in Figs. 5 & 6 with the relevant sketch in Fig. 4. 
[Figure 5 about here.] 
[Figure 6 about here.] 
 
In the 4 Hz to 4.2 Hz and 7.5 Hz to7.7 Hz bands (Figs. 5a & 6a) the signal is more varied 
and polarized signals from other sources are evident.  A combination of Love and Rayleigh 
waves can be seen originating from the direction of the wind turbine and also from a source 
20 or 200 degrees away (due to an inherent 180° ambiguity with the eigenvectors [14, 23]).  
This is the direction of Great Orton wind farm, 5 km north east of the wind turbine 
(identified in Fig. 7 later). 
The Great Orton wind farm consists of six Vestas V47 660 kW wind turbines, providing a 
total capacity of 3.96 MW.  Each turbine has a rotor diameter of 47 m and a hub height of 
between 40 m and 55 m. Vestas V47 wind turbines are known to generate vibrations at 
frequencies between 4 Hz and 4.5 Hz, depending on wind speed [1].  
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Unlike in earthquake seismology, where polarization analysis of the seismic field has been 
used considerably and where there is a seismic signal with distinctive phases of energy 
arrival, a wind turbine is a constant source with multiple types of waves arriving 
simultaneously and out of phase.  In Fig. 5a, at around 270 seconds, a Rayleigh wave 
arrives from the direction of the wind turbine; however, an SV-wave arrives at around 280 
seconds, masking the Rayleigh wave.   
The 6.6 Hz - 6.8 Hz analysis (Fig. 5b) indicates particle motion perpendicular to the source.  
However, these are not all surface waves as the dip is predominantly around 45°, and for 
some short periods of time close to 0°.  The value of Ps  is generally greater than 0.5, hence 
indicating a combination of surface and SH waves. 
SV and P-SV waves (azimuth = 0°, dip = 40° and high strength of polarization) from the 
direction of the wind turbine are present between 50 seconds and 70 seconds in the 7.5 Hz 
- 7.7 Hz analysis (Fig. 6a).  These waves also occur at around 165 seconds to 180 seconds. 
Comparison to blade rotation harmonics 
The blade rotation frequency is calculated as a function of the rpm of the wind turbine and 
the number of blades.  The Gaia-Wind 133 rotates at a constant speed of 56 rpm.  This 
gives a blade rotation frequency of 0.93 Hz.  Harmonics occur at multiples of these 
frequencies.  Polarization analyses were conducted for a selection of the harmonics of this 
frequency, two of which are shown in Fig. 5b and Fig. 6a respectively.  The prominent 
waves for each analysis were surface waves.  However, for other frequencies visible in the 
spectra (Fig. 2) body waves are more identifiable. 
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Low wind speeds 
Fig. 6 shows a comparison of the polarization analysis results for wind speeds of 1 m/s - 
1.5 m/s (less than the cut-in wind speed) and 5.5 m/s – 6 m/s, for the frequency band 7.5 
Hz to 7.7 Hz. 
At low wind speeds, the azimuthal variation is wide with a general spread of directions, 
whereas at higher wind speeds (5.5 m/s - 6 m/s, Fig. 6a), the azimuth lies mostly between 
-10 and 10 degrees. 
The dip, at low wind speeds, is generally in the +/− 80 to 85 degree range and the strength 
of polarization is less than at the higher wind speed (5.5 m/s - 6 m/s), by on average 0.2.  
Combined these indicate that the signals from the wind turbine are not dominating the 
wavefield.  At this wind speed, the analysis is showing background noise, which accounts 
for the variation in Ps. 
CONCLUSIONS 
This paper has shown how polarization analysis, using singular value decomposition, of 
the seismic wavefield, recorded on a three-component seismometer, can be used to 
characterize and identify the waves originating from a wind turbine.  Surface waves have 
been identified as the prominent wave type for the blade rotation frequency and harmonics; 
however, body waves are also present at other frequencies.  We have demonstrated that, 
by using the azimuth, peaks visible in the spectra can be identified as originating from 
sources other than the Gaia-Wind 133 wind turbine.  This is further confirmed by 
examining potential sources and identifying the frequencies that are generated. 
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Fig. 7 summarises the results of this paper and shows the location of the Great Orton wind 
farm in relation to the Gaia-Wind 133 wind turbine.  Signals from the wind farm were 
identified using polarization analysis of the 4.1 Hz peak, visible in both spectra calculated 
from the data recorded on the turbine and on the seismometer 190 m away.  The figure also 
shows the main polarized signals identified as originating from each site. 
[Figure 7 about here.] 
Additionally, we have shown that at low wind speeds, below the turbine cut-in wind speed, 
the seismic wavefield is dominated by background noise and contains a large variation in 
the strength of polarization. 
This is the first study to investigate the wavefield around such a wind turbine using 
polarization analysis and has significant applications within geotechnical engineering and 
research into geomechanical properties and ground structure.  This can be carried out in a 
similar manner to the fields of seismic interferometry and MASW, where sources of well 
characterised ambient noise are essential.  Further work will involve applying the seismic 
data from the wind turbine in this way to more fully understand the applicability.  
Additionally, modelling of co-located sources for more complex locations will be carried 
out including investigations using synthetic seismograms and addressing the issue of 
mixtures and uniqueness. 
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LIST OF FIGURES 
1. Map of the site.  The Gaia-Wind 133 is identified by the star and the Guralp 6TD 
seismometer by the triangle.  Inset: The location of the site within the UK. 
2. Annotated frequency spectra using data recorded on the wind turbine (black line) 
and from the vertical component of a Guralp 6TD seismometer located 190 m 
from the wind turbine (dotted).  The annotations indicate the blade rotation 
frequency and harmonics, as well as the 1st and 2nd resonant modes of the wind 
turbine, as identified in Westwood [24].  The highlighted areas are the three 
frequency bands discussed in this paper. 
3. Polarization analysis results of data recorded near a Gaia-Wind 133 wind turbine 
for different period time windows: a) 0.015 sec period, b) 0.05 sec period, c) 0.1 
sec period and d) 0.5 sec period.  
4. Sketch of the identification of different wave types that could be visible in the 
polarization analysis results 
5. Results from performing polarization analysis on data recorded on a 6TD 
seismometer 190m from a Gaia-Wind 133 wind turbine at wind speeds between 
5.5 m/s and 6 m/s for three frequency bands: a) 4 Hz - 4.2 Hz and b) 6.6 Hz - 6.8 
Hz. Annotations and vertical dashed lines highlight different waves seen within 
the data which correspond to the sketches in Figure 4.  A 0° azimuth (θ) and dip 
(ϕ) indicate a vector pointing horizontally from the seismometer in the direction 
of the wind turbine.  
6. Results from performing polarization analysis for data recorded on a 6TD 
seismometer 190m from a Gaia-Wind 133 wind turbine between 7.5 Hz and 7.7 
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Hz and at wind speeds of a) 5.5 m/s to 6 m/s and b) 1 m/s to 1.5 m/s.  Annotations 
and vertical dashed lines highlight different waves seen within the data which 
correspond to the sketches in Figure 4.  A 0° azimuth (θ) and dip (ϕ) indicate a 
vector pointing horizontally from the seismometer in the direction of the wind 
turbine.   At low wind speeds the azimuthal and strength of polarization variations 
are wide with a general spread of directions  and strength respectively.  
7. The location and direction of the Great Orton wind farm relative to the wind 
turbine (star) and seismometer (circle).  Inset (top left): Location of the site (black 
dot) in the UK.  Inset (top middle and bottom right): Polarized signals and 
frequencies seen as a result of the Gaia-Wind 133 turbine and the Great Orton 
wind farm.  
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Figure 1: Map of the site.  The Gaia-Wind 133 is identified by the star 
and the Guralp 6TD seismometer by the triangle.  Inset: The location 
of the site within the UK. 
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Figure 2: Annotated frequency spectra using data recorded on the wind turbine (black 
line) and from the vertical component of a Guralp 6TD seismometer located 190 m from 
the wind turbine (dotted).  The annotations indicate the blade rotation frequency and 
harmonics, as well as the 1st and 2nd resonant modes of the wind turbine, as identified in 
Westwood [24].  The highlighted areas are the three frequency bands discussed in this 
paper. 
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Figure 3: Polarization analysis results of data recorded near a Gaia-Wind 133 wind 
turbine for different period time windows: a) 0.015 sec period, b) 0.05 sec period, c) 
0.1 sec period and d) 0.5 sec period. 
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Figure 4: Sketch of the identification of different wave types 
that could be visible in the polarization analysis results 
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Figure 5: Results from performing polarization analysis on data recorded on a 6TD seismometer 190m from a Gaia-Wind 133 
wind turbine at wind speeds between 5.5 m/s and 6 m/s for three frequency bands: a) 4 Hz - 4.2 Hz and b) 6.6 Hz - 6.8 Hz. 
Annotations and vertical dashed lines highlight different waves seen within the data which correspond to the sketches in Figure 
4.  A 0° azimuth (θ) and dip (ϕ) indicates a vector pointing horizontally from the seismometer in the direction of the wind 
turbine.  
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Figure 6: Results from performing polarization analysis for data recorded on a 6TD seismometer 190m from a Gaia-Wind 
133 wind turbine between 7.5 Hz and 7.7 Hz and at wind speeds of a) 5.5 m/s to 6 m/s and b) 1 m/s to 1.5 m/s.  Annotations 
and vertical dashed lines highlight different waves seen within the data which correspond to the sketches in Figure 4.  A 
0° azimuth (θ) and dip (ϕ) indicate a vector pointing horizontally from the seismometer in the direction of the wind 
turbine.   At low wind speeds the azimuthal and strength of polarization variations are wide with a general spread of 
directions  and strength respectively. 
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Figure 7: The location and direction of the Great Orton wind farm relative to the wind 
turbine (star) and seismometer (circle).  Inset (top left): Location of the site (black dot) 
in the UK.  Inset (top middle and bottom right): Polarized signals and frequencies seen 
as a result of the Gaia-Wind 133 turbine and the Great Orton wind farm. 
